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YOUNG, ANDREW J., MICHAEL N. SAWKA, MARK D. QUIG- then training in hot water might produce different adap-
LEY, BRUCE S. CADARETTE, P. DARRELL NEUFER, RICHARD C. tations than training in cold water.
DENNIS, AND C. ROBERT VALERI. Role of thermal factors on aer- For example, accumulation of muscle metabolites dur-
obic capacity improvements with endurance training. J. Appl. ing exercise is more pronounced in hot than cool environ-
Physiol. 75(1): 49-54, 1993.-This investigation studied the im- mental conditions, possibly as a result of effects of ele-
portance of the rise in body temperature during exercise for vated muscle temperature or a redistribution of blood
aerobic capacity adaptations produced by endurance training. muscle tempe rate or a edistribu tiono
The approach used was to compare training effects produced flow from muscle to skin on rates of metabolic reactions
by subjects exercising in hot (35°C) water vs. cold (20'C) water. (27). It has been theorized that one stimulus for training-
Hot water was used to potentiate, and cold water to blunt, the induced adaptations in muscle metabolism is the alter-
rise in body temperature during exercise. Eighteen young men ation in intracellular homeostasis that occurs during
trained by cycle-ergometer exercise at 60% of maximal oxygen muscular activity as cellular metabolism generates en-
uptake (Vo 2 .. ) while immersed to the neck in either hot ergy to sustain the contractile process (12). Therefore,
(HWT, n = 9) or cold (CWT, n = 9) water for 60 min, 5 days/ during exercise in hot water a more pronounced alter-
wk, for 8 wk. Before and after training, Vo,,..., erythrocyte ation in intracellular homeostasis compared with exer-
volume, plasma volume, and vastus lateralis citrate synthase cise in cold water might augment the stimulus for meta-
activity were measured. Training increased (P < 0.01) V0 2 ... bolic adaptations to training. Also, whereas cardiac out-
by 13%, with no difference between HWT and CWT in the
magnitude of the effect. Erythrocyte volume increased 4% (P < put during exercise at a given oxygen uptake (V02) is the
0.01) with training, with no difference between HWT and CWT same in cold and hot water, heart rate is lower, but stroke
in the magnitude of the effect. Plasma volume remained un- volume higher, during exercise in cold than hot water
changed by training in both the HWT and CWT groups. Last, (17). These differences could cause adaptations in car-
vastus lateralis citrate synthase activity increased by 38% with diac responses to exercise that differ from endurance
training, but there was no difference between HWT and CWT training in hot vs. cold water. Furthermore, endurance
in the training effect. Thus, exercisc-induced body temperature training reportedly results in an increase in blood volume
elevations are not an important stimulus for the aerobic adapta- due to an increase in plasma and erythrocyte volume (7).
tions to moderate-intensity endurance training. Hypervolemia and plasma volume expansion have also

been observed to result from repeated heat exposure, and
aerobic exercise adaptations; physical fitness; body tempera- the effect induced differs when exposures are passive ,
ture iýgulation; maximal oxygen uptake; erythrocyte volume; (i.e., resting) vs. active, indicating that separate thermal
citrate synthase and exercise factors regulated hypervolemic adaptations

(8). Thus training in hot water could affect vascular vol-
umes differently than training in cold water. Any or all of '4

THE INTERACTION BETWEEN PHYSICAL fitness and ther- the aforementioned differences might result in differ-
moregulatory responses of humans has been the subject ences in the improvement in maximal oxygen uptake (
of considerable research. Previous investigations have (Vo 2 .,.) with training in cold vs. hot water.
studied the influence of physical fitness and/or exercise Thus this investigation studied the role of thermal fac-
training on thermoregulatory responses to environmen- tors for stimulating adaptations to endurance training.
tal heat (see Ref. 3 for a review) and cold (1, 2, 6, 16) The effects of endurance exercise training in hot vs. cold
stress. However, studies to determine how repeated ther- water were compared. Hot (35°C) water was used to ac-
mal stress (heat or cold) and the associated thermal centuate and cold (20'C) water was used to blunt the rise
strain would affect responses to physical fitness training in body temperature during exercise training.
programs have not been reported. During exercise in hot
water, body temperatures rise significantly, whereas the METHODS
rise in body temperatures is blunted or eliminated during
exercise in cold water (13, 14, 19). If the rise in body Subjects and experimental design. Eighteen healthy
temperature during exercise and/or the associated ther- young male soldiers volunteered to participate after be-
moregulatory responses contribute to the stimulus for ing informed of the requirements and possible risks asso-
adaptations usually observed during endurance training, ciated with this research. Although all participated in
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50 TRAINING IN HOT AND COLD WATER

TABLE 1. Characteristics of subjects before training subjects exercised by pedaling a cycle ergometer modi-
fied for use in water (25) while seated upright and im-

Age. Height, Mass, Vo 2., mersed to the neck in either 35'C (HWT) or 20°C
yr cm kg ml. kg`' min' (CWT) water. The exercise was performed in a 36,000-

CWT 20:1 176±2 77t4 46.0±+1.4 liter immersion pool, in which the water was continu-
(18-261 (168-187) (64-99) (40.6-54.7) ously stirred by air bubbled from the bottom, and water

HWT 20±1 173-2 72±4 48.3±2.0 temperature was maintained within ±0.3°C of the de-
(18-24) (166-185) (59-96) (39.0-58.1) sired value. During each training session, Vo 2 was mea-

Values are means t SE with range in parentheses for 9 men per sured at the 15th min of exercise; heart rate and rectal
group. CWT, cold water training group; HWT. hot water training temperature (T,.) were measured at every 10th min. Ped-
group. V•O2 ,. maximal oxygen uptake. aling rate was 40 rpm.

It was desired that the subjects exercise at an intensity
physical training programs required of all Army person- corresponding to 60% Vo 2 . throughout the entire 8-wk
nel before beginning this study, their participation was at program. During the initial training session, subjects ex-
the minimal level demanded and none was considered ercised at an intensity that had previously been deter-
highly trained. This study was conducted in Natick, MA, mined (empirically) to elicit -60% Vo 2 .. To offset
during the winter months (January through March), the expected improvement in Vo 2 m. with training
when decay and induction of natural heat acclimatiza- and maintain the relative exercise intensity constant
tion were expected to be minimal and the usual New En- thrci,-.hout the training program, it was necessary to peri-
gland weather conditions tend to discourage strenuous odicalhv adjust (increase) the absolute intensity at which
physical activity beyond that prescribed by the protocol. the subjects were exercising. This was accomplished by

Initially, the subjects' body composition and aerobic establishing the heart rate during exercise on the 1st day
fitness as indicated by Vo 2 max were assessed. Erythrocyte of training as a target heart rate. Whenever the exercise
volume, plasma volume, and vastus lateralis citrate syn- intensity was insufficient to elicit heart rate equal to the
thase activity were also measured. Also, before the sub- target on two consecutive training sessions, the intensity
jects began the training program, muscle temperatures for the next session was increased.
were measured before and after 60 min uf exercise in Experimental procedures. The Vo2 max determinations
35'C water, at the exercise intensity to be used during were made by using a discontinuous progressive intensity
the 1st wk of training. protocol, in which the subject exercised on a cycle ergom-

The 18 subjects were then divided into two equally eter (Monark) on land with an air temperature of
sized groups, one designated the hot water training group -23°C. The protocol for determining the Vo 2ma has
(HWT) and the other designated the cold water training been described in detail elsewhere (15, 18), and the crite-
group (CWT). The five subjects exhibiting the highest rion for accepting a Vo 2 value as maximal was that an
postexercise muscle temperatures during the 60-min increase in power output of 15 W resulted in an increase
submaximal exercise bout in 35'C water were assigned to of Vo 2 of <75 ml/min.
the HWT, and the five subjects exhibiting the lowest An automated system (Sensormedics Horizon Meta-
postexercise muscle temperatures during that bout were bolic Measurement Cart) that employs open-circuit spi-
assigned to the CWT. The remaining subjects were as- rometry was used to measure Vo 2 and associated respira-
signed to the groups is such a way as to match the two tory exchange parameters during consecutive 15-s inter-
groups (no significant differences) for Vo2 ... , height, vals throughout the maximal exercise tests and during
mass, percent body fat, and age. The rationale for assign- consecutive 1-min intervals from the 10th to the 13th
ing subjects in this way was to create two groups whose min of each training session. During all exercise.
muscle temperature response to exercise in hot water the electrocardiogram (ECG) obtained from chest elec-
was significantly different (HWT = 39.2 ± 0.1°C, CWT = trodes (CM-5 placement) and radiotelemetered to an
38.8 ± 0.1 0 C; P < 0.05) but whose initial fitness level and oscilloscope-cardiotachometer (Hewlett-Packard) was
body composition were similar. It was thought that this continuously monitored. During maximal exercise test-
would allow an opportunity to investigate whether the ing, the heart rate was obtained from the ECG recorded
rise in muscle temperature during exercise was one of the during the final 30 s of each bout of exercise; the highest
factors influencing training-induced adaptations. Table heart rate observed during the maximal exercise test was
1 shows the average age, height, mass, and Vo 2 .. for the recorded as maximal heart rate. During the training ses-
two groups. sions, heart rates were obtained from the ECG during the

After completing the pretraining measurements, the last 30 s of each 10-min interval. A thermistor inserted 10
subjects began the 8-wk endurance training program. cm past the anal sphincter was used to measure T,
During the 4th wk of training and again after completion which was recorded during the last 30 s of each 10-min
of the 8th wk of training, measurements of Vo 2 ., eryth- interval. Muscle temperature before and after the sub-
rocyte volume, and plasma volume were repeated. Vastus maximal exercise bout in hot water was measured by
lateralis citrate synthase activity was measured again using a thermocouple inside a 23-gauge hypodermic nee-
after the 8th wk of training was completed. dle that was inserted 25 mm into the subjects' vastus

Training consisted of exercise for 60 min/day, 5 days/ lateralis.
wk, for 8 consecutive wk. Training was generally sched- Erythrocyte and plasma volumes were measured after
uled for Monday through Friday, with missed sessions 18-20 h recovery from previous exercise. The subjects
(illness, etc.) made up on Saturday and/or Sunday. The were normally hydrated, and procedures were always
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performed in the morning at the same time, with subjects 200
having refrained from eating and drinking since the pre- .-
vious midnight. Measurements were made while the sub- - 175

jects were in the supine position and had rested quietly
for 30 min. Erythrocyte volume was measured by using 5
the radioactive chromium- (51Cr) labeled erythrocyte I-
method and plasma volume by using the radioactive io- C 125 W 0 CWT

dine- ("DI) labeled albumin method, which have been re- 1 0 HWT
cently described in detail elsewhere (24). Total blood vol- 100
ume was calculated by summing the measured erythro- 40

cyte and plasma volumes. On two occasions separated by If
48 h before the subjects began training and two addi- p 39
tional occasions after they completed 8 wk of training,

plasma was separated from venous blood samples ob- 38

tained from the subjects after 30 min of seated rest, and .

plasma protein concentration was measured by using re- 37

fractometry (American Optical). Total circulating pro-
tein was calculated by multiplying plasma volume (mea-
sured the same week) by plasma protein concentration. 3.0
Plasma protein data were not collected in conjunction
with blood volume measurements made during the 4th i _
wk of training. j 2.5

Muscle samples were obtained by biopsy of the vastus
lateralis. Samples were divided into several pieces,
placed in vials, and stored in liquid nitrogen until they z
could be freeze-dried and analyzed for citrate synthase
activity (26). Citrate synthase values represent the aver- c 1.5
age of measured activity in two pieces. The coefficient of 0 1 2 3 4 5 6 7 8
variation between the pieces averaged <2% (of the mean) WEEK OF TRAINING
and in no case was >5%. FIG. 1. Heart rate (top), rectal temperature (middle), and oxygen

Data analysis. Multifactor analysis of variance (AN- uptake (bottom) of cold (CWT) and hot (HWT) water training groups

OVA) was used to determine whether there were signifi- during exercise each training week. b/min, beats/min.

cant differences between groups and repeated measure-
ments. When the ANOVA indicated that factors (group,
training) had significant main or interactive effects, Tu- rates were not significantly changed from the 4th wk to
key's critical difference was calculated and used to iden- the end of training. Preexercise T,. (not shown) did not
tify significant differences between means. Simple linear differ between the CWT and HWT. Throughout the
correlation analysis was used to explore possible rela- training program, Tr. of the CWT remained unchanged
tionships between selected parameters. A computerized during exercise while the HWT experienced an increase
statistical package (CSS:STATISTICA, Statsoft) was (P < 0.01). The final exercise Te of the HWT was
used to analyze the data. Data are reported as means ± - 1.5*C higher than that of the CWT. Final exercise Tr
SE. For all statistical procedures, significance was as- during the 5th training wk and thereafter was slightly
sumed when P < 0.05. (-0.3°C, P < 0.001) higher than during the Ist training

wk. The Vo 2 during exercise training increased by -400

S RESULTS ml/min (P < 0.0001) progressively over the 8-wk pro-
gram, but there were no differences between the CWT

Training program. Although subjects were encouraged and HWT in Vo 2 during exercise training. Relative exer-
to make up on weekends any training sessions missed cise intensity (Vo 2 expressed as percent V0 2 .. ) was the
during the week, this was not always possible. The actual same for the CWT and HWT throughout the training
number of training sessions completed over the 8-wk pe- program. Relative exercise intensity averaged 61 ± 1%
riod ranged from 30 to 39, with no significant difference during the 1st training wk, increased slightly (P < 0.01)
in the number of sessions completed between the CWT to 65 ± 1% during the 4th wk, and remained unchanged
(35 ± 1) and the HWT (36 ± 1). There were no significant for the remainder of the training program.
changes in body mass or percent fat from before to after Maximal exercise. Figure 2 shows the effects of endur-
training, ance training in cold and hot water on V0 2 ., of the sub-

Figure 1 shows the Vo 2, final (59th min) rectal temper- jects. Compared with levels measured before training,
ature, and final heart rate during the exercise training Vo 2m. increased (P < 0.01) after 4 wk of training; a fur-
sessions. Throughout the training program, heart rate at ther increase (P < 0.01) in Vo 2 . was experienced be-
the end of exercise averaged 27 beats/min higher (P < tween the 4th and 8th wk. Overall, there was a 13% in-
0.001) for the HWT than for the CWT. Heart rate at the crease in Vo 2 . with training, with no significant differ-
end of exercise averaged -8 beats/min higher during the ence between the CWT and HWT in the magnitude of
3rd wk compared with the 1st wk of training; final heart this effect. There was no significant relationship (r =
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FIG. 2. Maximal oxygen uptake before and after training in cold or water. Values are means ±_ SE.

hot water. Values are means ±_ SE. *Significantly different from before
training; ** significantly different from before training and week 4. DS U SO

0.17, P > 0.5) between initial level of aerobic fitness (as This study is the first to examine the effects of manipu-
indicated by the V0o2 ... normalized to body mass) and lation of body temperature during exercise on adapta-
the training-induced increase in V0o2 .. z,. tions in the physiological determinants of aerobic capac-

The maximal heart rates before and after 4 and 8 wk of ity resulting from endurance training. Avellini et al. (4)
training are shown in Figure 3. Maximal heart rate did reported the effects of manipulating body temperature
not differ significantly between groups, either before or during exercise training on responses to heat stress.
after training. There was a tendency for maximal heart They observed that thermoregulatory adaptations to en-
rate to decline with training, particularly in the HWT, durance training differed in subjects who trained in hot
but this was not statistically sigr~ificant (P = 0.07). water and experienced an increase in body temperature

Muscle oxidative capacity. There were no significant compared with those who trained in cold water and
differences in citrate synthase activity of the CWT (87 ± whose body temperature remained unchanged during ex-
4 Amol -min-'. g dry tissue-') and HWT (88 ± 4 ercise. Unpublished observations from that study (K. B.
,umol.- min-'l. g-l) before training. Training resulted in a Pandolf, personal communication) suggested that im-
38% increase (P < 0.001) in citrate synthase activity, provements in work capacity occurred earlier in subjects
with no significant difference between the CWT exercising in cold than those training in hot water. Com-
(124 ± 10 ;,mol-min-1.g-1} and HWT (119 ± 6 bined with the fact that cardiovascular (23) and meta-
,umol.- min'-. g-') in the magnitude of the training effect. bolic (27) responses to exercise in hot environments
The increase in citrate synthase activity was correlated differ from responses seen in cool environments, these
(r = 0.49, P < 0.04) with the increase in aerobic fitness, observations suggested the possibility that nonthermo-
regardless of training group, as reflected by the increase regulatory adaptations to training might also differ when
in Vo, ... normalized to body mass. exercise was performed in hot vs. cold water. In addition,

Blood volume. There were no significant differences be- others (14) have speculated that the addition of thermal
tween the CWT and HWT in erythrocyte, plasma, blood stress during exercise might alter the stimulus for train-
volume, or total circulating protein either before begin- ing adaptations. A•
ning or after completing training. Total circulating pro- However, the results of this investigation indicate that
tein was unchanged by training, averaging 230 ± 6 g be- thermal factors are not important for nonthermoregula-
fore and 239 +_ 7 g after 8 wk of training. The effect of tory ýadaptations to aerobic training. After 8 wk of train-

training on vascular volumes is shown in Table 2. Plasma ing, Vo2 ... , muscle citrate synthase activity, and erythro-
volume was unchanged by training. There were no cyte volume were all significantly increased, but the
changes in erythrocyte volume apparent between the 1st magnitude of the training effects was the same for the
and 4th wk of training, but after 8 wk of training, both HWT and CWT. Before training began, the two groups
the CWT and HWT exhibited a small (average for all 18 were matched closely for age, body composition, and ini-
subjects was 80 ± 20 ml or 4.9 _+ 1.3% relative to pretrain- tial level of aerobic fitness. Both groups complied well
ing) but statistically significant (P < 0.01) increase in with the prescribed exercise regimen and, except for the
erythrocyte volume. There wais no relationship (P = very different body temperatures achieved during exer-
0.378, P = 0.12) between the erythrocyte response to cise, they trained identically, as indicated by the similar
training ýand the pretraining aerobic fitness as reflected "Vo2 levels during training. Although the data suggest the
by the V02,.., normalized to body mass. Despite the possibility that training in hot water might cause maxi-
increase in erythrocyte volume, blood volume was not mal heart rate to fall, overall, it appears that the rise in
significantly changed. body temperature during exercise does not contribute
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TABLE 2. Effect of training in cold or hot water on vascular volumes

Erythrocyte Volume Plasma Volume Blood Volume

Pre Mid Post Pre Mid Post Pre Mid Post

CWT 1,878±101 1,885±77 1,936±72* 3,275±126 3,244±165 3,307±109 5,153±220 5,240+158 5,240±149
HWT 1,849±63 1,897±60 1,955±52* 3,162±111 3,222±139 3,222±169 5,011±161 5,117+193 5,178±169
Pooled 1,864±58 1,891±47 1,945+43* 3,219±82 3,233±106 3,264±84 5,082±133 5,178±122 5,210±110

Values are means ± SE for 9 men in both CWT and HWT. Measurements were made before (Pre) and during 4th (Mid) and 8th (Post) wk of
endurance training in cold (CWT) or hot (HWT) water. * Significantly different from pretraining.

importantly to the stimulus for aerobic adaptations dur- time to demonstrate an increase. On the other hand, in-
ing endurance training, creases in plasma volume have been observed in studies

This longitudinal investigation demonstrates that (10, 20) employing longer training periods and/or exer-
blood volume expansion is not a prerequisite for an in- cise training intensities comparable to those used in this
crease in aerobic fitness resulting from endurance train- investigation.
ing. Despite the substantial increase (-13%) in Vo2 m, One further possibility is that the stimulus for an in-
blood volume remained unchanged with 8 wk of training crease in plasma volume and hypervolemia with training
in either hot or cold water. Although this observation was not present because the exercise was performed in
agrees with findings of a recently published cross-sec- water. Perrault et al. (21) reported that release of argi-
tional study (24) in which no relationship between aero- nine vasopressin, renin, and aldosterone is suppressed
bic fitness and blood volume was apparent, it conflicts during supine compared with upright exercise, whereas
with the view expressed by Convertino (7) that hypervol- release of atrial natriuretic peptide is enhanced. Presum-
emia is an important consequence of endurance training, ably, these effects are mediated by facilitated venous re-
In support of that view, Convertino presented a regres- turn during supine compared with upright exercise,
sion analysis of cross-sectional data, which demon- which in turn would result in atrial distension and re-
strated a correlation between blood volume and aerobic lease of natriuretic peptide and cardiopulmonary barore-
fitness. The regression equation Convertino derived pre- ceptor-stimulated suppression of the renin-aldosterone
dicts that people having a Vo2 ma. in the range encom- axis. These posture-related differences in fluid-regula-
passed by the subjects of the present investigation should tory hormone responses to exercise would be expected to
have had a blood volume of 75-83 ml. kg-i- amin-1, which contribute to differences in plasma volume responses to
is considerably larger than that actually measured. training by upright vs. supine exercise, and, indeed, Ray

Blood volume of the subjects in this study averaged et al. (22) observed that plasma volume increased with
-69 ml/k, body wt, and VO2m. averaged 47 ml-kg-1 . training by upright but not supine exercise. Upright im-
min-' (pretraining) and 52 ml. kg-'. min-' (posttrain- mersion results in hemodynamic and fluid-regulatory
ing). These values are very similar to those reported by hormonal changes similar to those moving from upright
other investigators using radioactively labeled red blood to supine posture on land as a result of the hydrostatic
cells (22, 24). Convertino (7) did not specify the method- pressure gradient that develops between the lower limbs
ology used to obtain blood volume values for the regres- and the central thorax (9). Therefore, responses to
sion analysis. However, the most widely used methodolo- upright exercise in water appear to be similar to those
gies of determining blood volume, estimating erythrocyte during supine exercise on land.
volume from plasma volume measured by Evans blue After 8 wk of training, a 4% increase in erythrocyte
and measuring erythrocyte volume using the carbon volume was apparent compared with before training.
monoxide technique, both result in overestimates be- This finding agrees with those of others who have ob-
cause the volume of distribution for both of those tracers served modest increases in erythrocyte volume asso-
"is not strictly limited to the vascular space (5, 20). ciated with endurance training and improved aerobic fit-

An increase in plasma volume has been observed in ness (22). Although changes in erythrocyte volume were
many endurance-training studies (7, 10, 11, 20). In stud- not statistically significant after 4 wk of training, inspec-
ies employing training programs lasting <10 days and tion of Table 2 does suggest that this response to training
demonstrating an increase in blood volume, the change is progressive over time. Perhaps more significant en-
in blood volume can be completely accounted for by an hancement of erythrocyte volume could be demonstrated
increase in plasma volume (7). Furthermore, an increase in longitudinal studies employing training periods longer
in plasma volume has been demonstrated after as little as than 8 wk, in which case improved aerobic capacity may
one training session, when the training intensity was indeed be shown to be related to increased erythrocyte
very severe (11). However, in the present investigation, volume.
plasma volume was not significantly changed by 8 wk of The results of this study indicated that sustaining dif-
endurance training. Perhaps the training intensity used ferent heart rates during training had no effect on aero-
in this investigation was not sufficiently high to stimu- bic training adaptations. The two groups achieved equiva-
late an increase in plasma volume, or possibly an in- lent increases in Vo 2m., muscle citrate synthase, and
crease in plasma volume is an early and transient re- erythrocyte volume despite the fact that the heart rate
sponse to training, in which case the plasma volume mea- during exercise training was >25 beats/min lower for the
surements made during this study were not at the correct CWT than HWT. Although interesting, this observation
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